The acidity constants K a1 and K a2 of 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid have been determined both by experimental and theoretical methods. pK a computations at B3LYP/6-311+G(d,p) level of theory were carried out for the two tautomeric forms, thiol and thione, of the above-mentioned acid. Comparisons between the experimental and theoretical values led to the establishing of the most stable tautomer of 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid in aqueous solution. Also, a DFT study regarding the reactivity, aromaticity and population analysis of the two tautomers has been performed.
Introduction
Together with the other 5-membered heterocycles, thiadiazoles have gained an increased popularity during the last decades. Their importance is due to their versatility and their biologic activity as antitumor, antifungal and antiviral agents. 1, 2 The presence of the sulfur atom within the cyclic structure confers them, compared to the 5-membered nitrogen heterocycles, an improved liposolubility and better penetration of the cellular membranes. 2 Also, the 5-imino-1,2,4-thiadiazole derivatives are found to be inhibitors of glycogen synthase kinase 3 (GSK3), a protein kinase with active role in diabetes, cancer and Alzheimer's disease. 3, 4 In the case of heterocyclic moieties that show biologic activity and where the possibility of the co-existence of two tautomeric forms appears, it becomes very important to determine the most stable tautomer. Nowadays, computational chemistry techniques allow the prediction of the tautomeric behavior prior to the experimental studies. 5 There are numerous papers that where published in the last years regarding theoretical studies of the thiolthione, [6] [7] [8] [9] keto-enol, 10 formamide-formamidic acid, 11 nucleic acid bases, 12, 13 heterocyclic rings -pyrazoles, triazoles [14] [15] [16] [17] tautomerism.
The 5-membered mercapto-aza heterocyclic derivatives (like Bismuthiol -dimercaptothiadiazole) were used with good results for the preparation of new metal complexes. 18 Within our research group, there has been reported the obtaining of various metal complexes of the dimercaptothiadiazole derivatives. [18] [19] A derivative of 1,3,4-thiadiazol-2-yl-thioacetic acid, which can exist both in thiol (2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid) or thione (2-(5-thioxo-4,5-dihydro-1,3,4-thiadiazol-2-ylthio)acetic acid) form, has been used for the preparation of metal complexes with various transitional metals.
Previous studies of our research group have highlighted two possible tautomeric forms: thiol (5SH, Ia) and thione (5S, Ib). 19, 20 In this regard, the pK a values for the two deprotonation stages of each tautomer may offer valuable data regarding the stability of both tautomer species in aqueous solution.
The present study deals with the evaluation, both by theoretical and experimental methods, of the pK a of 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid. This way, an estimation of the pK a values by theoretical means -using both thermodynamic cycles [21] [22] [23] [24] and isodesmic reactions 25 -may also result in clarifying the issues regarding the dominant tautomer in aqueous solution.
tively. Within the present study, the values of -265.9 kcal/mol (solvation) and -6.28 kcal/mol (gas-phase) of the free energy of H + were considered. Also, the correction to the gas-phase free energy of the deprotonating reaction (RTln24.46, representing 1.895 kcal/mol) was added. The correction factor is required for transforming the gas-phase free energy of the deprotonation reaction, computed to a reference state of 1 atm, in a value computed for a reference state of 1M (specific to the aqueous phase computations).
Method 2: Thermodymanic cycle 2
The second thermodynamic cycle is based on the reaction with a water molecule, when the corresponding anion of the thiadiazole derivative, along with the hydronium ion, is obtained. This way, the source of errors consisting in the thermodynamic parameters of H + is avoided. In order to estimate the theoretical pK a value of the 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid, two thermodynamic cycles and one isodesmic reaction scheme have been employed. The value of pK a was calculated by means of the thermodynamic cycle presented in Figure 1 . According to literature data, one of the main challenges in pK a computations consists in determining the appropriate value of the free energy of solvation of H + , as it is well known that an error of 1.36 kcal/mol leads to an 1 unit of pK a error. 22, 24 The experimental data range within -254 and -265.9 kcal/mol, [21] [22] [23] [24] but two of the most often used values are -264.0 kcal/mol 24 and -265.9 kcal/mol, 22 respec-
The equations that were used for the computation of pK a are the following:
(1), where:
Method 3: Isodesmic reaction scheme with thioglycolate
The isodesmic reactions are characterized by the conservation of the type of broken/formed bonds. Namazian and Heidary 25 proposed an isodesmic reaction sche- me with acetate/acetic acid for the computation of pK a for a number of carboxylic acids with similar structure. In this regard, the thioglycolate ion and the thioglycolic acid were chosen as references for the pK a computation of the 2-mercapto-1,3,4-thiadiazol-5-yl thioacetic acid.
Experimental
The geometric optimization of compounds Ia and Ib and their corresponding anions has been performed at B3LYP/6-311+G(d,p) level of theory. Vibrational analysis, carried out at the same level of theory, showed that no imaginary frequency was obtained. In order to quantify the effects of the aqueous environment, two solvation models -conductor-like polarizable continuum model (CPCM) and integral equation formalism polarizable continuum model (IEFPCM -with the solute characterized by the electronic density) -have been employed. 26 The geometric optimization of the two tautomers (and of the corresponding anions) in aqueous environment have been also performed at B3LYP/6-311+G(d,p) level of theory, using both CPCM and IEFPCM solvation models. Geometry optimizations, frequency computations, thermochemistry data and reactivity indices (the condensed Fukui functions 27 ) have been performed using the Gaussian 09W package. 28 Also, for the NICS(0) and NICS(1) computations (NICS -Nucleus-Independent Chemical Shift), the GIAO (Gauge Independent Atomic Orbitals) approach within Gaussian 09W program has been employed. For the experimental determination of K a values, conductometric and potentiometric titrations have been performed using a MM 41 Crison multimeter, fitted with a conductivity cell and a glass electrode. For the determination of the equivalence points of potentiometric titration and for the calculation of K a1 and K a2 values, software applications developed by the authors (I. Julean and C. Muntean) have been used.
Results and Discussions

1. Theoretical Calculation of pKa
First ionization stage of 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid consists in the removal of the H atom from the carboxyl group (reactions (1) and (3), respectively). The reaction is very similar for both tautomeric forms, leading to the obtaining of the thioacetate anion. Instead, significant differences appear during the second ionization stage, that involves H + removal from the -SH group (tautomer Ia) and the H + removal of the -NH group, a (tautomer Ib). One can approximate that a more "acidic" character is expected for the proton removal from the -SH group, which is directly bonded to the aromatic skeleton of 1,3,4-thiadiazole. In the case of the second ionization stage of the thione tautomer Ib, the hydrogen atom that has to be removed belongs to a secondary amino group (also, the cyclic delocalization of the electrons within the heterocyclic ring is affected). The experimental results (see detailed information in Appendix) are presented in Table 1 and show a 3 rd order difference between the K a values (and, corresponding, 3 p-K a units) that were obtained for the two stages of the ionization process.
planation for the lower values of experimental pK a (when compared to the calculated ones) can be attributed to the undervaluing of the energies of the compounds when carrying PCM computations. Among the three variants that were used for the estimation of pK a , differences appear only for the pK a2 values computed by means of the first thermodynamic cycle. As the pK a1 calculations (by means of all of the three methods) led to insignificant differences among the obtained values, it may be assumed that the underestimation of the pK a2 value, when using the first thermodynamic cycle, cannot be caused by the free energy of solvation of H + (considered -265.9 kcal/mol within the present study).
2. Similarities and Differences Between the Thiol-thione Tautomers Ia and Ib
2. 1. Aromatic Character of the Thiol-and Thione-Derivatives of the 2-(5-mercapto-1,3,4-thiadiazol-2-yl-thio)acetic acid
The magnetic criterion was chosen in order to evaluate the aromaticity of the two tautomers. In this regard, NICS(0) and NICS(1) computations were performed; the results are presented in Table 4 . The theoretical computations of pK a values allow the evaluation of the acid character of both tautomeric forms. Similarities with the experimental results will be used for the prediction of the dominant tautomer in aqueous solution).
Several conclusions can be drawn regarding the results presented in Table 2 and Table 3 ; pK a1 values are very similar, regardless of the chosen method of computation. As expected, loosing the H atom of the carboxyl group (namely, the pK a1 value) is only slightly influenced from the thiol-thione tautomerism. The computed values show a difference of 0.65 pK a units between the two tautomers, the more acidic being the thione form (Ib). Significant differences appear between the pK a2 values (almost 7 pK a units is the difference between the thiol and thione tautomers). These results lead to the conclusion that, in aqueous solution, the dominant tautomer is Ia (the thiol form of the 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid). The results presented in Table 2 show a ΔpK a value around 3, in good correlation with the experimental one. The results seem to illustrate the Gustafson's paradox: the most acidic tautomer is also the less abundant. 5 As regards the accuracy of the results, it is obvious that the theoretical calculations of pK a , regardless the chosen method, overestimate the pK a values. A possible ex-
The results confirm that the thiol form of the 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio)acetic acid is more aromatic than the thione one; given that in the case of the thione tautomer, formation of the exocyclic C=S bond disrupts the π-electron conjugation and leads to a decrease of the aromatic character.
Pop et al.: Theoretical Considerations Regarding ...
In addition to the magnetic index of aromaticity (NICS), the global stability of the six species involved in the ionization process (the two tautomers Ia and Ib and their corresponding monoanions and dianions) was evaluated. As well as in the case of other aromatic compounds, HOMO-LUMO gap computation represents an useful tool for comparisons among the stability of various species. 29 
2. 2. NBO (Natural Bond Orbitals) Analysis
The evaluation of the donor-acceptor interactions and their energetic contributions to the stability of the compounds is performed by means of the 2 nd order perturbation theory within NBO analysis. The stabilization energy E2, as difference between the localized-delocalized structures, is reported in tables below:
The results presented in Table 6 and Table 7 emphasize the differences among the thione and thiol form (namely between the neutral and monoanionic species, Ia-Ib and IIa-IIb). The lone pair of the nitrogen atom N4 has an exclusive p character in the thione form, leading to stronger stabilization interactions. Regarding the S6 atom hybridization, it results that the content in s and p orbitals is changing when transition to the thiol to the thione form occurs. The dianionic species IIIa-IIIb are characterized by the same hybridization -as obtained for the thiol tautomer-for N4, while S6 has the same character as in the case of the thione tautomer, leading to the structure of the mesomeric form III. The specific donor-acceptor interactions of the 5SH-and 5S-tautomers are preserved within the dianionic form III. According to the results presented in Table 5 , the most stable specie is the tautomer Ia, whereas at the opposite side the monoanions IIa and IIb are found. The identic value obtained for the dianionic species IIIa and IIIb suggests that a delocalization of both the negative charge and the double bond appears among the N-C-S atoms, leading to the same specie (see Scheme 7). 
IIIb
IIIa III
2. Reactivity Indices
Condensed Fukui functions have been computed for the N4, N3 and S6 heteroatoms, in order to assess their reactivity during a reaction with an electrophile. 26 tautomer Ia. The results led to the conclusion that, in aqueous solution, the thiol form is the more stable tautomer. Also, NBO analysis for the 6SH and 6S tautomers has been carried out and the donor-acceptor interactions that lead to the stabilization of the compounds have been identified. The reactivity differences between the two tautomers are outlined by the values of the condensed Fukui functions, computed for the heteroatoms involved in the tautomeric equilibrium. The condensed Fukui functions computed for the neutral forms Ia and Ib show that the S6 atom has the largest electrophilic character (higher for the thione tautomer). The two N atoms of the thiadiazole heterocycle have similar reactivity in the case of the tautomer Ia (see Table  8 ); the reactivity difference between the two N atoms of the tautomer Ib is outlined by the almost double value obtained for the N4 atom. The S6 atoms within the monoanionic species present the lowest reactivity; the graphical presentation of the HOMO orbitals of the thioglycolate anions clearly shows that the highest electrophilic character appears at the thyoglycolate residue, not within the heterocyclic ring (see Appendix). The dianion III shows a similar reactivity of the S6 atom as in the case of the thione form, whereas the reactivity of the N4 atom is between (almost the mean value) the values of Fukui function f -of the N4 atom in the thiol and thione tautomers.
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Conclusions
Theoretical evaluation of the pK a for the two ionization stages of 2-(5-mercapto-1,3,4-thiadiazol-2-ylthio) acetic acid (both tautomeric forms) have been performed, in order to predict the more stable tautomer in aqueous solution. Two solvation models, IEFPCM and CPCM, have led to similar results for the solvation free energies of all the species involved in the ionization process. Two thermodynamic cycles and one isodesmic reaction scheme have been used for the theoretical computation of pK a . Compared with the experimental results, theoretical calculations tend to overestimate the pK a values; instead, the computed difference ΔpK a has the same value for both theoretical and experimental results obtained for the thiol
